This study evaluated the applicability of nondestructive microwave testing method for the long-range detection of inner-surface cracks in metallic tubes. Two seamless straight tubes 7 m in length and 23.0 mm in inner diameter were prepared, and arti cial circumferential slits penetrating the tube walls were introduced. A probe to propagate microwave inside the tube, designed based on three-dimensional nite element simulations, was attached to an end of the tube, and the re ections of the microwave propagating inside the tube were measured using a network analyzer. The experiments con rmed clear re ections due to the slits situated 6 m away from the probe. Furthermore, imposing a signal processing method to compensate for the dispersion of the microwave clari ed the re ections and enabled the slit to be localized quantitatively from the time-of-ight of the re ections.
Introduction
A nondestructive microwave testing method has been proposed for the rapid and long-range inspection of degradation of tubes [1] [2] [3] [4] [5] , which would reduce the costs of inspecting long piping systems in complex structures such as power plants 6) . The basic principle of the method is to propagate microwaves in a tube and detect the re ections caused by anomalies. Because microwaves propagate in a metallic tube with little attenuation, this method would enable quick inspection of the inner surfaces of long tubes without moving the probe emitting the microwaves.
Most previous studies concerning the development of the nondestructive microwave testing have targeted wall thinning inside a tube, and con rmed that the method can clearly detect wall thinning even when the pro le of wall thinning is rather complicated 7) . The shape of the probe emitting the microwave affects the microwave mode, which is one of the most dominant factors affecting the signal-to-noise ratio 8) .
Another study has demonstrated that arti cial wall thinning is detectable approximately 25 m from the probe 9) . In contrast, little previous work has applied the method to crack detection, even though cracks are among the most important degradations. Several studies have reported the use of microwaves to detect arti cial slits that simulate cracks 1, 2) but the reported signals were unclear. Additionally, the tubes used in their experiments were limited to 1-2 m in length, which is insuf cient to determine the applicability of the method to the inspection of long tubes.
Therefore, the present study evaluated the applicability of the nondestructive microwave testing for crack detection using straight metallic tubes 7 m in length. Seamless tubes were used because an earlier study found that ange connections, which connected many short tubes to simulate a long straight tube, caused re ections comparable to those due to a crack 9) .
Materials and Methods

Specimens
Two tubes 7 m in length were prepared using modi ed 9Cr-1Mo steel 10) , which is the candidate material for the heat exchanger tubes of the Japan Sodium-cooled Fast Reactor Table 1 provides the speci cation of the aws. Measurements were rst conducted before aw fabrication, and then aws with the circumferential lengths of Length1 were introduced. After the signals due to the aws were gathered, the aws were deepened to the circumferential lengths of Length2. The measurements also evaluated the effects of con-*1 Graduate Student, Tohoku University *2 Corresponding author, E-mail: noritaka.yusa@qse.tohoku.ac.jp ditions at the end of the tube opposite to the probe, which were either open to air or closed by a metallic plate approximately 1 cm in thickness. The cut-off frequencies of the microwaves propagating inside the tube in axisymmetric modes are listed in Table 2 . Figure 2 shows the experiments for measuring re ections due to the aws. Microwaves were generated by a network analyzer (Agilent Technology, E8363B) and propagated in a exible cable (Junkosha, MWX051) in the TEM mode. The microwaves were emitted inside the tube through the microwave probe that was connected to the exible cable using a connector (Anritsu, K101F-R) and attached at the end of the tube. The re ections of the microwaves were measured by the network analyzer in the frequency domain at 12,801 equally spaced frequencies ranging from 10 to 40 GHz with an average of 30 measurements. The measured signals were transformed using the inverse Fourier transform with the Kaiser window function (n = 6) to obtain signals in the time domain, which con rmed that the re ections occurred when the network analyzer generated the microwave as a pulse. Figure 3(a) shows the probe used to emit microwaves inside the tube, which was designed based on three-dimensional nite element simulations using Comsol Multiphysics v.5.0 and its RF module according to the method and principle presented in the reference 8) . The probe was made of brass with a semirigid cable (Anritsu, K118) situated at its center; the core wire of the semirigid cable was designed to be extended by 5 mm inside the tube. The four internal threads were used to x the probe to the tube end. Figure 3 (b) presents the characteristics of the probe, namely the ratios of energies re ected at the probe and propagating inside the tube for each mode, as evaluated by the three-dimensional nite element simulations. For example, at 15 GHz, almost 80% of microwaves propagating in the exible cable in TEM mode were transformed into microwaves propagating inside the tube in TM 01 mode, with the rest reected at the probe; at 22 GHz, almost all microwaves were re ected at the probe. Figure 4 presents the effect of frequency range on signals. The gure shows the time domain signals from a tube with a aw 24.8 mm in length and 1.5 m away from the probe as well as the signals from an un awed tube. Three frequency ranges were considered: (a) 11-17 GHz where microwaves propagate dominantly in TM 01 mode according to Fig. 3(b) ; (b) 10-22.9 GHz, between the cut-off frequencies of the TM 01 and TM 02 modes; (c) 10-40 GHz containing all frequencies used in the experiments. The large re ections near 0 ns indicate re ections at the probe; those around 15 ns were caused by the slit. The gure shows that the 11-17 GHz range provides the clearest re ections due to the slit, although this was the narrowest of the three frequency ranges. This indicates that frequency range should be determined by the characteristics of the probe rather than cut-off frequencies. Figure 5 presents the signals from the same tubes when their ends were closed with the metallic plate. The frequency range used to obtain the time domain signals was 11-17 GHz. Closing the tube end increased re ections after 60 ns. This result con rms that the re ections were caused by the tube end, and corresponds with the approximate velocity (2.2 × 10 8 m/s) of the microwaves inside the tube at 15 GHz where the ratio of energies transmitted into the tube in the TM 01 mode was maximized. Figure 6 shows the signals due to aws of different lengths and locations. The ends of the tubes were open to air, and the frequency range used was 11-17 GHz. Each gure shows the signals obtained before aw fabrication to clarify re ections due to the aw. The gure con rms clear differences between the signals of un awed tubes and with aws. The locations of the differences qualitatively correspond to the locations of the aws, whereas the dispersion of the microwave makes re ections away from the probe rather unclear. It is reasonable that a longer aw causes a larger re ection than does a shorter aw situated at the same location. Figure 7 presents the results of imposing signal processing, as discussed in previous work 7) , on the original signals shown in Fig. 6 to compensate for the dispersion of microwaves. The re ections became markedly clearer due to the signal processing, and the locations of the re ections agreed well with the actual ones.
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Conclusion
This study evaluated inner-surface cracks could be detected in a long metallic tube based on the re ections of microwaves propagating inside the tube. Because re ections due to cracks are much smaller than those due to wall thinning that have been the main focus of earlier studies, two seamless straight tubes 7 m in length were prepared to avoid effects of tube connections that cause re ections as large as those due to cracks. The probe to emit microwave was designed using three-dimensional nite element simulations and placed at the end of the tube, and arti cial circumferential slits penetrating the tube wall were used to simulate cracks. The experiments con rmed that clear re ections could be detected from a slit 6 m from the probe. Furthermore, signal processing to compensate for the dispersion of microwaves propagating inside the tube both clari ed the re ections and allowed for the quantitative evaluation of slit location.
